Raymond Hide was a physicist who worked at the interfaces between fundamental hydrodynamics, magnetohydrodynamics (MHD), the geophysics of the Earth's interior, atmosphere and oceans and those of other planets. He received his PhD from the University of Cambridge, and spent the majority of his career at the Met Office and then the University of Oxford. In laboratory studies of sloping thermal convection carried out at Cambridge in the early 1950s he discovered various regimes of vacillation and other multiply-periodic intransitive flows as well as aperiodic flows, now recognized as a form of geostrophic turbulence. These findings influenced seminal mathematical studies of what came to be known as deterministic chaos, and provided a paradigm for interpreting largescale flows in the atmospheres of the Earth and other planets. Related contributions include general theoretical results tested by crucial laboratory experiments on boundary layers, Taylor columns and detached shear layers. His contributions to MHD include the concepts of potential magnetic field and magnetic superhelicity. He also initiated research on the dynamo origin of the magnetic fields of Jupiter and other major planets and its implications for their internal structure and dynamics. His extensive research on fluctuations of the Earth's rotation led to new developments in areas as diverse as meteorology and climatology and studies of the structure and dynamics of the Earth's deep interior.
the time by Sir Edward (Teddy) Bullard FRS, then at the University of Cambridge, in which the seat of the magnetic field was located in the liquid core of the Earth (Bullard 1949a (Bullard , 1949b . Bullard had suggested to Blackett that a critical test to distinguish between these hypotheses would be to measure how the Earth's magnetic field varied with depth below the surface. In simple terms, Blackett's hypothesis would suggest that the field should decrease with depth, whereas Bullard's core dynamo would lead to a field that increased with depth. Raymond thus became involved (as did his later colleague Frank Lowes) in some of Blackett's measurements underground, overseen by Keith Runcorn (FRS 1965 ) (who apparently never went underground himself) in deep mines in Lancashire-a familiar environment for someone brought up close to the coal mining industry. As is well known, the results supported the core dynamo hypothesis (Runcorn et al. 1951) , setting the scene for the future of geomagnetism research in subsequent decades.
Raymond graduated from Manchester with first class honours in physics in 1950, but by then his imagination had been fired by a desire to understand the origin of the Earth's magnetic field. He went to Cambridge to work for his PhD in geophysics under the supervision of Runcorn, who had recently moved there from Manchester. Cambridge introduced him to some very different social strata. According to his daughters, he was given the nickname 'Charlie' by some of the 'toffs' who adopted him as their pet.
Raymond's PhD project proved to be a pivotal experience, during which he made some of his seminal discoveries in hydrodynamics and nonlinear dynamics. It also brought him into contact with other key figures in the field, such as Sir Geoffrey Taylor FRS and Sir Harold Jeffreys FRS. More importantly, Raymond's PhD work brought him into contact with Professor Dave Fultz from the University of Chicago, who was on sabbatical leave at the time at Imperial College in London, alongside dynamical meteorologists such as Eric Eady. In the late 1940s Fultz had set up a fluid dynamics laboratory in Chicago to carry out experiments on thermally-driven circulations in a rotating tank (Fultz' s 'dishpan' experiment, using a convection chamber based on an American domestic dishpan), inspired by a desire to understand waves and circulation patterns in the Earth's atmosphere. Fultz had observed some similar phenomena in his experiments to those discovered by Raymond in his rotating annulus, but by no means all of them, so Raymond's work was of great interest at the time. Raymond completed his PhD in 1953, by which time he had already made his mark as a promising young researcher in geophysics.
Academic and professional career
Following the completion of his PhD in 1953, Raymond's supervisor, Keith Runcorn, arranged an invitation for him to visit the astrophysicist (and later Nobel Prize winner) Subramanyan Chandrasekhar FRS at the Yerkes Observatory near Chicago.
According to Raymond's Newcastle colleague and near-contemporary, Paul Roberts (FRS 1979) , this visit was not particularly successful, although it did lead to three publications (2-4)* arising from the theoretical work that Raymond carried out, at Chandrasekhar's suggestion, on the linear stability of simple configurations of a stratified fluid with and without rotation. But Raymond did not find Chandrasekhar's theoretical approach or choice of problem * Numbers in this form refer to the bibliography at the end of the text.
particularly to his taste, considering it as rather dry and mathematical, and the visit did not lead to a fruitful long term collaboration. It did, however, give Raymond a further opportunity to meet Fultz at the First Symposium on the Use of Models in Geophysical Fluid Dynamics, held at Johns Hopkins University in Baltimore in September 1953. It also bought him into chance contact with the Nobel Prize-winning physical chemist, Harold Urey ForMemRS, over lunch in the Quadrangle Club of the University of Chicago. It was Urey who prompted his first interest in planetary atmospheres in 1954 by demanding to know what he thought about Jupiter's Great Spot (see https://honors.agu.org/winners/raymond-hide/). It is not recorded what Hide replied, but this evidently led to a lifelong fascination with the dynamics of atmospheres beyond the Earth's.
On his return to the UK in 1954, Raymond took up a senior research fellowship position at the Atomic Energy Research Establishment (AERE) at Harwell, a major government laboratory carrying out research relating to future energy sources from nuclear fission and fusion processes in heated magnetized plasma. Serving as a government research scientist was a common way in which young male scientists of that time could fulfil their obligations for National Service instead of serving in the armed forces. Raymond had managed to defer his National Service in order to complete his PhD, but now committed himself to Harwell for three years, from 1954 to 1957, to work in their plasma physics division. Publications from this period (6, 7) indicate that he worked on experiments with Kenneth Dolder (later professor of atomic physics at the University of Newcastle upon Tyne) on shock waves in electrically conducting plasma. It was also during this period that Raymond met Ann Licence. They married in 1957 and began a long and devoted partnership that lasted until Ann's death in 2015.
At the end of his fellowship at Harwell, Raymond was appointed to a university lectureship at King's College of the University of Durham (which later became the University of Newcastle upon Tyne). Keith Runcorn had been appointed to the chair of geophysics at King's in 1955, to a department that was quite small and moribund at the time. Runcorn set about persuading the institution to expand and reinvigorate his department and proceeded to invite four of his former PhD students, Raymond, Kenneth Creer, Frank Lowes and Paul Roberts (FRS 1979) , to apply for positions as lecturers. All four were subsequently appointed, with Raymond taking up his post in 1957. Jim Parry also joined the group around this time, together with the experimentalist David Collinson. During this period, Raymond built up a small laboratory, working (among other things) on the dynamics of Taylor columns, detached shear layers and theoretical magnetohydrodynamics (MHD) studies relating to the Earth's magnetic field.
In 1961, Raymond was encouraged by the department's chair, Henry Houghton, and Cecil Howard Green, the founder of Texas Instruments and well known philanthropist, to take up a position as full professor of physics and geophysics at the Massachusetts Institute of Technology (MIT) in the USA. Thus began one of the most productive periods of his career, during which he was able to build a substantial fluid dynamics laboratory and a formidable team of researchers and students to pursue the full range of his interests in fundamental fluid flow and planetary atmospheres and interiors. MIT at the time was home to some of the most prominent researchers in dynamical meteorology (notably Jule Charney, Ed Lorenz (ForMemRS 1990) and Victor Starr), and that subject was undergoing something of a revolution in the wake of the discovery and analysis of baroclinic instability and the role of atmospheric waves in the late 1940s, the early exploitation of digital computers to simulate atmospheric motions (promoted, among others, by Charney and John von Neumann in nearby Princeton) and the incipient ideas behind deterministic chaos from Ed Lorenz. This was also the beginning of the age of space exploration, and Raymond was one of several prominent researchers at the time to appreciate the potential to explore the dynamics of the atmospheres and interiors of other planets by observing them from spacecraft at close quarters.
Although he ran a very successful research group at MIT for several years, in 1967 Raymond was persuaded by the then director general of the Meteorological Office (DGMetO), Dr (later Sir) John Mason FRS, to return to the UK to take up a senior research position as deputy chief scientific officer at the Met Office. Mason had taken over as DGMetO in 1965 , following an active career in cloud physics research at Imperial College London, and had set himself the task of reinvigorating the scientific underpinning of the Met Office, some of which at this time had changed little since the end of World War II. Raymond was recruited with the aim of allowing him to set up a small research group (the Geophysical Fluid Dynamics Laboratory, or Met. O. 21) to carry out fundamental research in fluid dynamics at the Met Office. He was given considerable freedom to interact with any part of the Met Office organization and to stimulate new and interesting lines of research. Junior scientist positions in his research group were intended to give young Met Office staff some experience of working in an intellectually stimulating environment, somewhat similar in culture to a university group, before posting them on to more senior roles elsewhere in the organization. His group played host to a string of distinguished international visitors and research fellows, and also cosupervised some of the first Research Council-funded Cooperative Awards in Science and Engineering (CASE) graduate research students in collaboration with the universities of Leeds and Reading. In practice, this led to some 30 or more Met Office staff scientists passing through the group between 1967 and the late 1980s, many of whom went on to become prominent leading scientists in their own right within the Met Office or at other universities, or as senior managers within the Met Office (figure 1).
In many respects, the role and position that Raymond held at the Met Office at this time was unique in the British scientific community. By the 1980s he had been promoted to chief scientific officer and was probably then the most senior individual merit scientist in the UK Civil Service. This position gave him a great deal of freedom to pursue his interests, both within and beyond UK government service. In addition to his many scientific projects, he was elected FRS in 1971 and proceeded to take an active role within the Royal Society, serving as chairman of the British National Committee for Geodesy and Geophysics. He also served a term on the council of the UK Natural Environment Research Council, and was elected president of the Royal Meteorological Society (1974) (1975) (1976) and Royal Astronomical Society (1983 -1985 . On the international scene, he was elected president of the International Commission on Dynamical Meteorology and was a member of a special scientific policy committee of the International Union of Geodesy and Geophysics. He was elected president of the European Geophysical Society (1982) (1983) (1984) , an international learned society he had helped to set up in the 1970s (and now incorporated into the European Geosciences Union), and also served as the twenty-ninth professor of astronomy at Gresham College in London (1984 London ( -1990 .
By the late 1980s, the Met Office had undergone a major change from a branch of the UK Ministry of Defence to an independent executive agency. This led to a significant change towards a more business-oriented culture and a greater emphasis on applied research and development, at the expense of more fundamental research. As Raymond moved towards retirement from the Civil Service, therefore, the decision was taken to wind down his research group and move the remaining work to the University of Oxford. Raymond was also asked to move to Oxford to take over as director of the Robert Hooke Institute, a collaborative research initiative between the Met Office, the University of Oxford Department of Physics, and the Natural Environment Research Council's Institute of Oceanographic Sciences, a post that he held until his retirement in early 1992. This was not an easy role to fulfil, since the Hooke Institute had gone through a difficult period in the late 1980s during which tensions had emerged between the participating institutions as to how the institute should be funded and organized. In the end these tensions could not be resolved, and Raymond was forced to preside over the disintegration of the Hooke Institute in 1992.
Following his retirement from government service, Raymond remained in Oxford for several years as professor emeritus of physics, continuing as an active researcher, mostly on theoretical problems. Much to his delight, he was elected a member of the Pontifical Academy of Sciences in 1996 (following in the steps of his mentor, Keith Runcorn, who had been elected in 1981), in which he took an active role, visiting Rome on a number of occasions and meeting popes John Paul II and Benedict XVI.
He and Ann moved to London in 1998 to be closer to their daughters, whereupon he was invited (in 2000) to become an honorary senior research investigator at Imperial College London, associated with the Departments of Mathematics and Earth Sciences. He was a regular visitor to Imperial College until his health finally began to fail in late 2013.
Scientific research
Raymond Hide's scientific interests were immensely broad, embracing studies of fundamental processes in the hydrodynamics and magnetohydrodynamics of rotating fluids and a wide range of applications to the dynamics of the Earth's fluid interior, oceans and atmosphere and to a variety of phenomena in the atmospheres of other planets. The methodologies he brought to bear were similarly broad and diverse, including laboratory experiments and mathematical theory, and geophysical and astronomical observations, and later extending to numerical simulation (though his role here was mainly as a collaborator with other specialists, since he was never particularly adept at using a computer himself!). He was one of the pioneers of a discipline that has become known as geophysical fluid dynamics, a term first coined in the 1950s originally to mean the fluid dynamical fundamentals underlying meteorology and oceanography, and even adopted by Joseph Smagorinsky, the founder of the National Oceanic and Atmospheric Administration's atmospheric modelling research group in Princeton, into the title of the laboratory in 1963.
Throughout his career, a hallmark of Raymond's approach to scientific research was to home in onto fundamental principles and, in the words of Lorenz (1967) and often quoted by Raymond himself, 'to separate essential considerations from minor and irrelevant ones'. He was a close follower of Karl Popper (FRS 1965) in continually looking for crucial tests to disprove hypotheses. Raymond developed this approach into a fine art, where possible seeking basic principles in the form of so-called theorems that could be used to generalize fundamental ideas into forms that could be applied to many different kinds of system. Whether many of the theorems he postulated would have the full rigour necessary to be recognized as such by a mathematician may be arguable in some cases; but at least one such principle identified by Raymond has come to be known as Hide's theorem, in the context of angular momentum conservation in a planetary atmosphere.
Rotating annulus experiments: sloping convection and vacillation
One of the main themes of Raymond's research throughout much of his career concerned the essentially nonlinear dynamics of fluid motion subject to background rotation and differential heating. The original stimulus for this theme dates back to his PhD work in Cambridge, carried out under Runcorn's supervision (though most probably inspired by the ideas of Bullard) with the initial intention of exploring the properties of thermally-driven flows in a rotating liquid as an analogue of the flow in the Earth's core which was thought to be responsible for driving the geomagnetic field in a self-sustaining dynamo. Although it was known at the time that the Earth's core comprised a liquid metal and that hydromagnetic Lorentz forces were likely to play an important role, a study of thermally-driven flows in a rotating, non-conducting liquid was expected to yield useful insights as a first step towards a fuller understanding.
The means of investigating this type of flow was to use a cylindrical apparatus that could be rotated about a vertical axis, and to apply differential heating purely in the horizontal direction by placing the convecting fluid into the annular channel between two coaxial cylinders maintained at different temperatures. The rotation rate Ω and impressed temperature contrast T could be varied over a wide range, while the flow could be observed and characterized using visualizing particles or dye suspended in the fluid and temperatures measured using thermocouples. A general view of the apparatus in these original experiments is shown in figure 2. This shows a version of the rotating annulus experiment using glass outer cylinders, which were heated by an electrical immersion heater placed in the outermost annular water bath, and a cooled metal inner cylinder within which cold water was circulated. The flow patterns were typically visualized near the top surface using a fine suspension of aluminium flakes and observed in the rotating frame of reference using the ingenious rotoscope technique, developed by Thoma (Fischer 1931 ) and G. I. Taylor, utilizing a mirror and a synchronously-rotating Dove prism.
Hide's early experiments (1, 5) explored a wide range of parameters, within which he identified a number of different flow regimes, several for the first time. These included an axisymmetric overturning regime at low values of Ω and a wave-like meandering jet stream regime at higher rotation rates, provided T was high enough. Within the wave-like regime he was able to distinguish further sub-regimes, including regular, spatially-periodic travelling waves at intermediate Ω, which became more irregular and chaotic at the highest values of Ω. In between the regular and irregular regimes, he encountered waves whose amplitude and orientation would fluctuate either periodically or irregularly, a phenomenon he termed vacillation (see figure 3) . In establishing the conditions under which these different regimes occurred, he was also able to identify a set of key dimensionless variables, the values of which would determine where transitions from one regime to another would occur. The relative stability of the regular wave regime seemed to be related to the horizontal aspect ratio between the azimuthal and radial scales of the wave. Finally, he also found in some regions of his parameter space that the equilibrated flow pattern obtained was not unique, but he could obtain flows with different azimuthal wavenumbers that could exist at the same point in parameter space with hysteretic transitions between them as control parameters were varied: a phenomenon he identified as intransitivity. The sequence of transitions that entailed moving from steady travelling waves to periodic modulations before becoming chaotic are now seen as an early discovery of a generic bifurcation route towards chaotic behaviour via a quasi-periodic state (e.g. see Ghil et al. 2010) . Its elucidation, however, as a route to chaos via successive breaking of space-time symmetries had to await developments elsewhere in mathematics and theoretical physics (e.g. see Ghil & Childress 1987 and references therein). Raymond's insistence that his observation of non-reproducible wavenumber states in some of his experiments was a real phenomenon (and not simply due to poor experimental control of key parameters) is also now seen as consistent with the coexistence of multiple attractors in certain nonlinear dynamical systems.
Applications to meteorology. In carrying out his experiments in Cambridge, Raymond discovered another potential application of his experimental analogue, namely, in dynamical meteorology. As Raymond himself later relates (48), this discovery was made almost by accident in 1951 when Sir Harold Jeffreys happened to pass by one day while he was running his experiment. Peering over Raymond's shoulder at the meandering wave-like flow, Jeffreys noted that the pattern showed some resemblance to the circulation of the atmosphere, a subject that Jeffreys himself had researched some years before. It is perhaps no exaggeration to say that this was a revelation to Raymond, and opened up a whole new interdisciplinary direction for his research. With the benefit of hindsight, it is difficult to overestimate the significance of these early findings. Raymond's observations of vacillations inspired Ed Lorenz to develop a simple low-dimensional numerical model (Lorenz 1963b ) that accounted for a number of the observed features in the experiments, complementing his more well known seminal paper in the same year (Lorenz 1963a) on the 'butterfly' attractor.
The large-scale waves themselves that appeared in Raymond's experiments demonstrated for the first time the existence of the class of inertial waves identified theoretically by CarlGustav Rossby (Rossby 1939) , which now carry his name. Such waves are now seen as fundamental components of the circulation of the atmospheres and oceans of the Earth and other rapidly rotating planets. Raymond's geometric interpretation of the secondary instability of regular trains of baroclinic waves is also now seen to anticipate the result of more recent theoretical studies of the barotropic instability of a Rossby wave (e.g. Lorenz 1972; Gill 1974) .
Connection to baroclinic instability. The suggestion that the transition from axisymmetric to non-axisymmetric flow in Raymond's annulus experiments might be due to baroclinic instability was made quite quickly by Lorenz (1953) and Davies (1953) after publication of his first experimental results. This came at an important point in the development of modern ideas on the origin of synoptic weather systems in the late 1940s and early 1950s, when the first linearized models of baroclinic instability began to appear (e.g. Charney 1947; Eady 1949) . Such simple models were greeted with considerable scepticism by weather forecasting practitioners at the time, who regarded them as too simplistic to be comparable with the complexities of the real atmosphere. In later work (17, 22) , however, Raymond applied this theory, especially based on the elegant model of Eady (1949) and subsequent extensions (17) to the interpretation of his experiments, demonstrating considerable success in accounting for the onset of non-axisymmetric flows and the scales and structure of the developing instability. As later discussed by Lorenz (1967) , this had a significant impact on the atmospheric science community and helped to ensure the acceptance of baroclinic instability as the principal process generating large-scale cyclones and anticyclones in the atmosphere, and also mesoscale eddies in the oceans ).
Raymond's experiments stimulated much subsequent research into the properties of fully developed baroclinic instability-described by Raymond himself (22) as sloping convection to reflect the typical trajectories of convecting fluid elements and to distinguish this process from more conventional Rayleigh-Bénard convection. The Chicago group, led by Fultz, extended their experimental work to use Raymond's annular configuration (Fultz et al. 1959) . In addition, a new group was set up in 1967 at Florida State University in Tallahassee, USA, led by Richard Pfeffer, with the aim of building a large and wellequipped facility to explore and measure the structure of baroclinic waves in experiments that included a large annular tank of diameter ∼1 m (Fowlis & Pfeffer 1969; Pfeffer et al. 1974) .
Raymond himself returned to this task in the 1960s, first in Newcastle and later at MIT and at the Met Office, where he built up substantial groups of researchers. Much of this later work was to focus on improving understanding of each of the distinctive flow regimes identified in his earlier studies, mapping the boundaries of instability in parameter space and analysing in detail the nonlinear properties of the flow, especially involving transitions from regular laminar flows to more chaotic or turbulent states.
Heat transfer was another major theme throughout his Newcastle, MIT and Met Office years, during which members of his groups carried out calorimetric measurements of heat transfer in the laboratory and explored other experimental configurations of the original rotating annulus involving radial barriers or electrical ohmic heating to test various hypotheses concerning how heat could be transported from one part of the annulus to another.
Other problems in hydrodynamics
In addition to his studies of thermally-driven flows in rotating fluids, Raymond also explored a number of other more general aspects of the dynamics of rotating fluids. These studies were typically stimulated either in pursuit of the verification of a theoretical result or theorem deduced from first principles from the fundamental equations of motion, or by studies of particular phenomena observed in planetary atmospheres.
Taylor columns. An important early example concerned the interactions of slowly evolving flows in a rotating fluid with topographic obstacles. This had been considered much earlier by Joseph Proudman FRS and Geoffrey Taylor, who had shown that flow taking place in a rapidly rotating reference frame would tend towards a state in which the flow was independent of the coordinate parallel to the rotation axis (the well known Proudman-Taylor theorem). Taylor himself had shown experimentally that flow past an obstacle with rapid background rotation would behave as if the obstacle extended to all depths along the direction of the rotation axis, even if the physical obstacle was much shallower, resulting in a stagnant column of fluid above the obstacle known as a Taylor column.
Raymond had become intrigued by this phenomenon as a possible explanation for the origin of the Great Red Spot (GRS) in Jupiter's atmosphere, a huge isolated anticyclonic vortex, large enough to swallow up to three Earths, that had been observed intermittently since its first discovery in the seventeenth century. This became one of the first new problems to excite his interest after moving to King's College in Newcastle upon Tyne. One of his main contributions was to derive theoretical conditions under which a Taylor column would form above a shallow obstacle, showing that the obstacle would need to span a certain fraction of the depth of the fluid in the direction of the rotation axis. In order to test this result, he set his then research student, Alan Ibbetson, to conduct experiments in a rotating tank in which the fluid was brought into solid body rotation and a small solid obstacle moved through the fluid as the fluid's response was visualized and measured. The results were published in the planetary science journal Icarus in 1966 (9), showing that Raymond's theoretical result was largely correct and therefore providing some support for his earlier conjecture concerning the possible origin of Jupiter's GRS as a Taylor column.
Detached shear layers. Raymond's interest in the Earth's core led him to investigate other phenomena in hydrodynamics that might influence the flow. These included the formation of detached shear layers in a rotating, homogeneous fluid. Such layers could be produced at the edges of an obstacle in differential rotation, embedded within a rotating fluid (such as the Earth's solid inner core). His theoretical analysis extended earlier work on the flow between differentially-rotating, concentric spheres or discs by Ian Proudman at Cambridge (Proudman 1956 ) and Keith Stewartson (FRS 1965) at the University of Bristol (Stewartson 1957) . Laboratory experiments were largely carried out with Clive Titman in Newcastle, and consisted of a cylindrical tank within which was placed a circular disc mounted on a shaft that extended along the axis of the cylinder. The tank was rotated at angular velocity Ω and the disc rotated relative to the cylindrical tank at angular velocity ω. The flow was then investigated as a function of ω and Ω. The experiments (13) were able to confirm the formation of compact shear layers with a thickness and structure that appeared consistent with the theoretical analysis. But a notable discovery was that the axisymmetric shear layers would become unstable to azimuthally travelling waves or vortex chains if the differential rotation ω exceeded a critical value. The resulting flow bore some resemblance to the travelling waves found in Raymond's earlier annulus experiments, including indications of hysteresis between adjacent wavenumbers as parameters were changed and cyclic vacillations in wave properties.
More recent work (Niino & Masawa 1984; Früh & Read 1999) has shown that these non-axisymmetric flows are manifestations of barotropic instabilities of the detached shear layers. In fact, this seminal experiment represents perhaps one of the best ways of demonstrating barotropic instability in a laboratory, and has been investigated subsequently by several researchers to elucidate the nonlinear properties of barotropic instabilities, both experimentally and numerically (e.g. Früh & Read 1999; Hollerbach et al. 2004) , as well as to develop a simple analogue of Saturn's North Polar Hexagon feature (Barbosa Aguiar et al. 2010) .
Source-sink flows. The use of an arrangement of mass sources and sinks led to some early exploratory experiments in the laboratory that enabled Raymond to investigate conditions under which background rotation would, or would not, exert a strong influence on the flow, utilizing some ingenious topological arguments (14). This complemented the work on heat transfer in a differentially heated rotating annulus with a radial barrier by Bowden & Eden (1968) and led (much) later to some related annulus experiments with a radial barrier and different shaped endwall boundaries (40) . The experiments also explored what happened if the depth of the container varied with radius, providing an early demonstration of the western intensification of mass flow in the form of a western boundary current in a similar manner to the earlier work of Stommel et al. (1958) . With hindsight, it is somewhat surprising that Raymond's paper makes no mention of Stommel's work, given his strong link with MIT and Woods Hole.
Jupiter and Saturn
Following his encounter with Harold Urey in Chicago in 1954, Raymond developed an early interest in the gas giant planets, Jupiter and Saturn, that became a lifelong fascination. His early interests were inspired partly by ground-based telescopic observations of these planets, and were influenced significantly by the descriptive analysis of cloud features and motions on Jupiter as presented in the classical book by Bertrand Peek (Peek 1958) . Among other things, this book described observations of many of the now well known features of Jupiter's atmosphere, especially its GRS and White Ovals, its zonally banded cloud belts and zones and its equatorial jet. The differential motion of various cloud features indicated that Jupiter exhibited a very different kind of meteorology from that of the Earth, posing some intriguing fluid dynamical challenges to explain not only the distinctive morphologies of various cloud features but also their long-lived persistence over intervals of decades or even centuries.
With the advent of the space age in the 1950s and 1960s, Raymond took a great interest in the prospect of being able to visit some of these bodies close-up. But despite being keen to interact with the space exploration community and influence their scientific aspirations, Raymond refused to take on any kind of official association with a planetary mission. This seems mainly to have been because he saw the demands of team membership of such missions as intensively time consuming and bureaucratic, preferring instead to concentrate on other work closer to his own laboratory and encouraging other dynamicists (including myself) to get more directly involved.
Jupiter's Great Red Spot I. Taylor columns. This feature in particular held a special fascination for Raymond from the mid to late 1950s, when he put forward one of the first relatively sophisticated dynamical explanations for its shape and extreme longevity, based on his experimental and theoretical work on Taylor columns (see above). At that time, little was known about the internal structure of Jupiter below its visible cloud tops. It was considered plausible, however, that there was a surface consisting of solid hydrogen not too far below the clouds, allowing for the possibility that a massive obstacle might be present of sufficient vertical scale to perturb the atmospheric flow at the cloud tops through the effect of the fast rotation of the planet. Provided the height of the obstacle was large enough, a Taylor column would be expected to appear, creating the impression of an isolated circulation around the obstacle at the cloud tops themselves. This hypothesis was published in the journal Nature in 1961 (8) to great interest and acclaim at the time. Eventually, however, doubts over the irregular drift in position of the GRS and whether Jupiter could actually sustain a Taylor column with the observed strong circulation at the cloud tops led to interest in this explanation for Jupiter's GRS to wane, but the idea is still discussed for its historical significance.
Jupiter's Great Red Spot II. Baroclinic eddies. The difficulties with Raymond's original Taylor column hypothesis for the GRS did not put him off from continuing to think about ways in which a fluid might develop a long-lived, coherent vortex of the scale and intensity of Jupiter's GRS. Further inspiration struck following the spectacular close encounters of the two Voyager spacecraft with Jupiter in 1979. These close fly-bys were able to acquire for the first time a wealth of really high quality images of Jupiter's clouds, allowing the possibility of measuring some detailed structure of the horizontal winds by tracking motions of small cloud features. In these images, it became clear that the GRS more closely resembled an isolated anticyclonic vortex that appeared to be freely evolving within a pattern of strong, alternating eastward and westward jet streams. Moreover, the close-up images revealed that the GRS was not completely unique, but had much in common (apart from its colour) with smaller vortices at higher latitudes, such as the three White Ovals observed to form in 1939 at latitudes close to 35 o S and the chain of so-called Voyager B spots at still higher southerly latitudes. These patterns brought to mind some earlier laboratory experiments that Raymond had initiated with Paul Mason (FRS 1995) at the Met Office in the late 1960s (20), in which baroclinic instabilities had been studied in a rotating annulus using combinations of temperature gradients imposed by either differential heating at the side boundaries or direct internal (ohmic) heating. One intriguing result of this work had been to show that, in a rotating flow in which the body of the fluid was heated internally and cooled at both the inner and outer sidewall, the radial temperature gradient reversed in sign, much like the variation of temperature with latitude on Jupiter. Baroclinic instability was then observed to take the fully developed form of chains of apparently isolated anticyclonic vortices, embedded between a pair of eastward and westward zonal jets. The apparent uniqueness of the GRS itself, however, continued to puzzle.
It was at this point that I joined Raymond's group as a newly recruited research scientist at the Met Office and was set to work to extend some of Paul Mason's internally heated annulus experiments. This led to a series of papers that explored this hypothetical analogy in much more detail (31, 32, 34, 38 ) (see also Read 1986a), using both laboratory measurements and numerical simulations. The results showed that, close to marginal instability, these baroclinic vortices could occur as single isolated features. At faster rotation rates (corresponding to higher latitudes in a planetary atmosphere), however, they would occur on smaller scales and in roughly regularly spaced arrays, much as seen on Jupiter itself. This analogy remains in contention as a possible explanation for Jupiter's coherent eddies, although many details and questions remain to be understood.
Jupiter's banded clouds and jets. The remarkable organization of clouds and winds on Jupiter had long fascinated Raymond, both for their persistence and apparent stability and longevity. A key question during the 1960s was what factor or process determined the latitudinal scale and width of the zonal jets? Raymond had examined the available observations at that time in a wide-ranging review article published in 1966 (12); but his subsequent article in the Journal of Atmospheric Sciences (16) drew attention to the length scale (U a/2Ω) 1/2 (where U is the wind velocity and a the radius of the planet), based on the chief balance in the vorticity equation, which appeared to be consistent with the observed length scales of the jets. We would now identify this with a length scale more commonly associated with the name of Peter Rhines, a theoretical oceanographer from the University of Washington in the USA, who made some seminal contributions to the theory of geostrophic turbulence in an oceanographic context in work published some six years after Raymond's paper (Rhines 1975 ). This scale is now widely understood to be characteristic of the energy accumulation scale of geostrophic turbulence in the presence of a planetary vorticity gradient.
Equatorial jets and Hide's theorem. One of the more famous results of Raymond's research is the so-called Hide's theorem (16), which defines limits on the ability of an atmosphere to exhibit super-rotation with respect to its underlying planet, especially close to the equator. This is because of constraints on the transport and exchange of angular momentum between the atmosphere and solid planet, and between axisymmetric and non-axisymmetric motions. In a nutshell, Raymond's result states that steady, prograde flow at the equator is impossible without the presence of non-axisymmetric eddies.
Raymond was prompted to consider this problem by the publication of a paper by Peter Stone and Peter Gierasch from Harvard (Gierasch & Stone 1968) , in which they suggested that Jupiter's strongly prograde equatorial zonal jet could be driven by the action of a symmetric baroclinic instability of its atmosphere under conditions of weakly stable stratification. Stone had shown previously (Stone 1967 ) that the most rapidly growing symmetric instabilities could transfer angular momentum equatorwards, suggesting the possibility that this could lead to a convergence of angular momentum at the equator and a consequent prograde acceleration. Raymond's argument (16, 18), however, revealed that this suggestion was flawed in the absence of non-axisymmetric eddies, since such a convergence would necessarily decay to zero on the equator itself without such eddies. Although this exchange was focused on the particular problem of Jupiter's equatorial jet, it was subsequently realized that Raymond's result was quite general, and it has since been elaborated by others in the context of the atmospheres of the Earth and other planets (Schneider 1977; Held & Hou 1980; Read 1986b ).
Contributions to magnetohydrodynamics
Raymond's early interest in the origin of the Earth's magnetic field sparked a lifelong fascination for him in the dynamical interactions of fluid motions, background rotation and electromagnetic fields and currents, as encapsulated in the theory of rotating magnetohydrodynamics (MHD). In this regard he was a leading pioneer in developing an intuitive understanding of such a complicated and difficult subject, based on simplifying concepts and sound mathematical analysis. He published widely on this subject, on both the fundamental theory (e.g. see the extensive review by Acheson & Hide (21) ) and on its applications to understanding the structure and variability of the magnetic fields of the Earth and other planets and their relationship to the interior structures of these planets.
MHD waves and Earth's geomagnetic secular variation.
One of the well known characteristics of the Earth's magnetic field that was unexplained in the early twentieth century was the tendency for the main field to drift slowly westwards on timescales of decades to centuries, known as the westward drift component of the geomagnetic secular variation (GSV). Such timescales were difficult to account for, although by the 1950s it was widely accepted that the Earth's magnetic field originated via fluid motions in the Earth's core, though the complexities of such motions were poorly understood at the time. Raymond's approach followed that of Bo Peter Lehnert (Lehnert 1954 (Lehnert , 1955 , whom he had met while at Yerkes with Chandrasekhar, in simplifying the problem by focusing on the key balance of forces in the core in the presence of both rotation and a magnetic field. His analysis (10) confirmed Lehnert's in showing that Coriolis forces would greatly reduce the speed of some magnetohydrodynamic waves. He also proposed an ingenious mechanism, based on the spherical geometry of the Earth's core, for why they should propagate westward, an approach that was later put forward independently in the more rigorous analysis of Braginskii (1967a Braginskii ( , 1967b . This provided an immediate explanation for the westward drift of the GSV which was hailed at the time as a significant breakthrough in understanding, but also led to a focus in subsequent work on processes that might mechanically couple the core to its surrounding mantle.
Jupiter's magnetic field and interior dynamo. Raymond took an early interest in the magnetic fields of Jupiter and Saturn, following their discovery via radio astronomical observations in the 1950s and mid 1970s, respectively. This followed naturally from his early researches on MHD processes in the Earth's core leading to the generation of its magnetic field by dynamo action. He was therefore one of the early proponents of an MHD dynamo explanation for the origin of Jupiter's main magnetic field. He noted in 1966 (11) that observations suggested that Jupiter's field was significantly more complicated than a simple dipole, hinting that this might indicate that Jupiter's field was generated at much shallower levels than the Earth's-estimated to be no deeper than around 20% of Jupiter's radius in from the cloud tops (11, 16) . By the mid 1960s it was already clear that Jupiter's interior was likely to be dominated by hydrogen in a metallic, electrically conducting, fluid state (Smoluchowski 1967) , which would be consistent with Raymond's speculation. Raymond's interest in Jupiter's magnetic field continued in later years with the development of techniques to infer directly the size of planetary cores that were magnetically active (23), although it was not possible at the time to apply this technique directly to Jupiter itself; but his early estimate that the depth of Jupiter's electrically conducting region might be as little as 7000 km below the visible cloud tops (28) compares reasonably well with recent estimates from the Juno mission (Kaspi et al. 2018) .
Theorems and invariants in MHD. In his quest for insights into the complex interplay between fluid motions and magnetic fields in the Earth's interior, Raymond was something of a pioneer in exploring and identifying over-arching constraints and mathematical theorems that might prove useful in interpreting observations and models (24, 26, 27, 30, 33, 36, 37) . In this regard, he took inspiration from earlier figures such as Thomas Cowling (FRS 1947) (Cowling 1934) and Hans Ertel (Ertel 1942) . This approach underpinned his suggested method of locating interfaces in planetary interiors and determining lateral variations in their properties (23).
Low-dimensional models of dynamos. In later life, Raymond's fascination with dynamos and the growing popularity of studies in the style of Ed Lorenz's famous three-equation model of chaotic convection (Lorenz 1963a) in the 1990s led to a series of works-initially with Ann Skeldon and David Acheson, and later with Irene Moroz and Andrew Soward FRS-based on the Faraday disc dynamo (35, 39, (41) (42) (43) (44) (45) 49) . These studies reduced the dynamo problem to a small set of coupled, nonlinear ordinary differential equations that exhibit well-characterized bifurcations from steady states to more complicated and even chaotic behaviour, representing the possibility of self-sustaining magnetic field generation with spontaneous field reversals.
Raymond's main contributions with his collaborators were to identify mechanisms that could lead to the collapse of the field, a process known as quenching, by the addition of other components such as series motors or eddy currents coupled to the original dynamo. These were represented by the addition of a further nonlinear feedback term to the classical disc dynamo equations, the impact of which was the possibility of a complete suppression of periodic or chaotic oscillations. This was argued to be a potential source of intermittency in dynamo behaviour, for which there is significant observational evidence, perhaps involving time variations in the conditions at the core-mantle boundary, which Raymond explained more expansively in a late review paper for the Pontifical Academy of Sciences (47). Such a mathematical mechanism for nonlinear quenching may well apply to other systems too (46) .
Earth's rotation, length of day and polar motion
Raymond's fascination with the Earth's deep interior led him to explore how to utilize advances in geodesy and astrometry to measure exquisitely small changes with time in the rotation of the Earth. It had been known for many years that long term (decadal) variations in the Earth's rotation could provide information on angular momentum exchanges between the Earth's fluid core and mantle, and some of his earlier contributions in this field were related to the development of an understanding of the conditions at the core-mantle boundary. As techniques improved, however, variations in the Earth's rotation were revealed on much shorter timescales (on the order of days to months) that could be attributable to interactions between the solid Earth and the atmosphere and oceans. This led to some highly productive work in collaboration with other Earth scientists (notably the geophysicists Stuart Malin and Jean O. Dickey and meteorologists at the Met Office and elsewhere).
The core-mantle boundary. While investigating the GSV, it was noted that there were also stationary features in the magnetic field that did not drift with time. As techniques for measurement of the gravity field of the Earth developed during the latter part of the twentieth century, Raymond had noted that stationary small-scale features in the Earth's magnetic field seemed to be correlated in space with features on a similar scale in the gravity field. This led to the hypothesis, first put forward in the late 1960s (15, 19) , that the core-mantle boundary was not smooth but bumpy (an approach later described jokingly by Runcorn as 'geophrenology'), with topographic features anchoring localized features in the flow and magnetic field that could be detected at the Earth's surface.
Atmospheric angular momentum and length of day. By the 1970s, time-varying fluctuations in the Earth's rotation had been discovered on timescales of the order of decades with an amplitude of around 5 ms, which were also thought to originate from coupling between motions in the Earth's core and mantle. On much shorter timescales of the order of days or months, however, it was not clear whether the core could exchange angular momentum with the solid Earth sufficiently quickly to account for the observed rapid fluctuations in the Earth's rotation rate. But the atmosphere and oceans provided another possible means of exchanging angular momentum with the solid planet that almost certainly could fluctuate on timescales of days, weeks or months with an amplitude of 1-2 ms.
In the late 1970s, an opportunity arose to test whether the observed fast fluctuations in the length of the day could be attributed to the atmosphere. The Global Atmospheric Research Programme (GARP) of the World Climate Research Programme's First Global Experiment (FGGE) (under the auspices of the United Nations) was a major international field campaign in 1978 to observe the global atmosphere in unprecedented detail and to assimilate the measurements into numerical weather forecast models to produce daily analyses of the entire atmosphere for a period of a year or more. This provided for the first time sufficient accuracy to be able to deduce the daily fluctuations in the total angular momentum of the entire atmosphere for comparison with astrometric measurements of the corresponding angular momentum of the solid Earth. Raymond assembled a small team, including colleagues at the Met Office, the Royal Greenwich Observatory and the US National Center for Atmospheric Research, to compute daily variations in the angular momentum of the atmosphere from analyses produced by both the Met Office and the US National Meteorological Center and to compare these with astrometric measurements of the Earth's rotation. The results, reported in Nature (25), clearly showed a strong anticorrelation between angular momentum fluctuations in the atmosphere and of the solid Earth, confirming that short term changes in the length of the day were largely attributable to exchanges with the atmosphere.
The success of this approach led to a series of further advances in which it was shown that angular momentum exchanges between the atmosphere and the solid Earth were not only restricted to the axial component (affecting the length of day). Through some clever analysis to simplify the problem, Raymond and his team were also able to show that fluctuations in the equatorial components of atmospheric angular momentum would also feed into the excitation of variations in the instantaneous direction of the Earth's rotation axis, causing the location of the rotational poles to wander (29) . Using improved global analyses of meteorological observations from the European Centre for Medium Range Weather Forecasts (ECMWF), the data were sufficient to show that exchanges of non-axial components of angular momentum with the atmosphere provided a major source of excitation of the so-called Chandler Wobble; a natural oscillation of the Earth itself in which the planet wobbles on its axis with a period of around 14 months.
Concluding remarks
Throughout his working life, Raymond was a stimulating and inspiring mentor to a host of younger (and older!) scientists, many of whom owe much to him for his unstinting support and encouragement. A gregarious and often mischievous raconteur, he was never short of a tall or amusing story to tell to entertain his friends and colleagues. A prolific writer and publisher of his ideas (some would even say incorrigible in later life), his research career was the epitome of cross-disciplinary creativity, embracing fundamental fluid mechanics and magnetohydrodynamics, planetary interiors, atmospheres and oceans, climate dynamics and meteorology. His many achievements were recognized by a succession of medals and awards from both national and international learned societies and institutions (see next section), while his leadership was recognized by his unique election to the presidencies of the Royal Meteorological Society, the Royal Astronomical Society and the European Geophysical Society.
Raymond's health had begun to fail in the late 1990s as he developed heart problems and lymphoma. Then in 2013 he suffered a mini-stroke and became uncharacteristically reclusive thereafter. He died peacefully on 6 September 2016 after a long period of illness and was survived by his two daughters, Kathryn and Julia (who sadly herself died in 2018), his son, Steve, and their respective families. For those of us who had the privilege of working with him, it is a joy to recall and appreciate his energy, creativity, enthusiastic curiosity and wisdom. He was also a talented (and incorrigible) harmonica player!
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